The dissertation is organized in four chapters. Chapter 1 describes the organization of this dissertation. Chapter 2 is a journal article and will be submitted for publication.
Chapter 3 is a preliminary study of a collaborating project with researchers from University of Virginia. Chapter 4 concludes this dissertation and discusses future work of this research.
Chapter 2 presents a luciferase and luciferin co-delivery system for intracellular catalysis reactions. The aim of this chapter is to describe the design of this co-delivery system and demonstrate its in vitro application in triggering artificial intracellular reactions, converting biological energy into usable forms and controlling cell functions.
Chapter 3 discusses the synthesis of 2,2'-Bipyridine functionalized large pore mesoporous silica nanoparticle. This bipyridinyl group can further coupled with Pt which possesses potential use for C-H bond activation reaction. The structure of the material and bipyridinyl group loading amount was investigated and reported in this chapter.
The last chapter is a brief conclusion of this dissertation with general achievements, potential applications and future goals.
The intracellular delivery and controlled release of biogenic molecules, such as genes, enzymes and proteins, and other molecules of pharmaceutical interest, 1, 2 provides a powerful tool for therapeutics and fundamental study of biological processes such as enzyme-catalyzed reactions. While significant progress in nanotechnology and drug delivery has led to the availability of intracellular delivery of membrane-impermeable enzymes, [3] [4] [5] conducting biochemical or catalytic reactions inside living cells remains relatively unexplored. As a prelude to cellular applications, such as enzyme-catalyzed therapeutic activation (ECTA), 6 it is desirable to develop a new biocompatible model system for intracellular delivery of multiple bioactive molecules to reduce or enhance certain cellular activities, bring new cell functions, or convert biological energy (ATP) to usable forms. There are two major challenges confronting the advancement of this field: the design of nanomaterials for intracellular controlled release of multiple biogenic species with preserved bioactivities and the development of methods for imaging and quantification of cellular catalytic reactions.
Recently, mesoporous silica nanoparticles (MSNs) have been demonstrated as an excellent candidate for co-delivery applications, 7, 8 owing to the co-existence of both interior pore and exterior particle surfaces for loading different guest molecules. This unique feature provides the possibility of using MSN for controlled release and co-delivery of enzyme and substrate for intracellular enzymatic reaction. Although many enzyme-catalyzed reactions could be targeted for this purpose, it is difficult to measure the dynamic effectiveness of such enzyme-substrate co-delivery systems.
Enzymatic catalysis of light emission offers a unique tool for investigating the enzyme and substrate activities. 9, 10 Luciferase-mediated bioluminescence imaging has served as a reporting tool for monitoring various biological processes such as imaging reporter gene expression in living subjects. 11 The luciferase-catalyzed oxidation of its substrate luciferin to oxyluciferin requires the presence of oxygen and Mg 2+ ions, and is energetically enabled by the presence of ATP, which binds to the luciferase and thereby activates the enzyme. 9, 10 The bioluminescence emitted in this oxidation reaction is a direct measure of the effectiveness of this enzyme-catalyzed reaction. However, the use of luciferase has been limited to the additional injection of luciferin substrate.
Herein, we report on the synthesis and surface modification of a gold nanoparticle-capped MSN material for intracelluar co-delivery of enzyme luciferase and its substrate luciferin for intracellular controlled catalytic reaction. As depicted in We first synthesized a 2-(propyldisulfanyl)ethylamine (0.9 mmol g -1 ) functionalized mesoporous silica nanosphere (linker-MSN) material via a method that we previously reported. 12, 13 As described in the Supporting Information (SI), the material was PEGlyated by grafting 2-[methoxy(polyethylenoxy)-propyl]trimethoxysilane to yield the PEGlyated (0.1 mmol g -1 ) linker-MSN with an average particle diameter of 160 nm and an MCM-41-type channel-like mesoporous structure (BJH pore diameter = 2.5 nm) ( Figure 2a ). We then functionalized the surface of the gold nanoparticle with a carboxylic acid-terminated polyethylene glycol (PEG) linker (shown in Figure 1 
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The most advantageous feature of the MSN technology is its potential to deliver different biogenic species simultaneously in a controlled fashion. To construct the enzyme-substrate co-delivery system, the luciferin-loaded Au-MSN (1 mg mL -1 ) was mixed with luciferase (1 mg mL -1 ) in PBS buffer (pH 7.4) for 2 h, followed by centrifugation and freeze drying to generate the luciferase adsorbed and luciferin loaded Au-MSN (luciferase-luciferin Au-MSN).
To examine the applicability of this co-delivery system, luciferase activity assays were carried out in a 96-well plate using a standard procedure, as described in the SI. The luminescence intensity remained at background level over a period of 60 minutes before the addition of disulfide bond reducing agents, suggesting a "zero premature release" property of this system. After To confirm the observed luminescence was due to intracellular release of luciferin and its reaction with co-delivered luciferase but not the presence of extracellular ATP arising from the material-induced apoptosis, the cell viability was evaluated by Guava ViaCount cytometry assay after 24 h incubation with luciferase-luciferin Au-MSN at different concentrations (20, 50, 100 μg ml -1 ). Over 95% of viable cells were observed when up to 100 μg ml -1 of the material was incubated with Hela cells ( Figure S6 ). The synthesis and performance of this enzyme-substrate Au-MSN co-delivery system establishes an operational facile method for intracellular controlled catalytic reaction.
The effectiveness of the enzyme-catalyzed reaction inside living cells can be tuned by varying the intracellular reducing environment. The luciferase-luciferin Au-MSN system was designed to allow imaging and quantification of the intracellular catalysis, thereby providing a practical method to evaluate the effectiveness of intracellular enzyme and substrate co-delivery. In addition, it has been recently observed that MSNs are able to undergo exocytosis and harvest intracellular molecules. 16 These findings suggest that MSN could serve not only as vehicles for co-delivering enzyme and substrate into living cells but also for sequestering the product out of cells for a variety of biotechnological applications. Coverslips were then taken out from the PBS solution and fixed to glass slides.
Supporting Information
Confocal fluorescence images were obtained by a Leica SP5 X confocal system.
Transmission Electron Microscopy (TEM) of Hela cell incubated with
luciferase-luciferin Au-MSN. Hela cells were prepared as above and incubated with material suspension (50 μg/ml in D-10 medium) for 3 hours. The cells were then fixed by adding a 1% glutaraldehyde solution dropwise over 5 min and further incubated at 37 °C for 1.5 h. Samples were post-fixed with 1% osmium tetroxide in PBS for 1.5 h.
Cells were dehydrated in increasing concentrations of ethanol (50%, 60% 70%, 80%, 90%, and 100%) for 15 min each and stained with 2% uranyl acetate in 70% ethanol at room temperature overnight. The cells were washed three times with acetone and embedded in Epon. Embedded samples were sectioned in 60 nm thick slices on a sliding ultramicrotome. Thin sections supported on copper grids were examined with a Tecnai G2 F20 transmission electron microscope operated at 200 kV.
Introduction
The production of ethylbenzene and related alkyl arenes is important in detergent and polymer industries, typically through traditional approaches such as Friedel-Crafts, Heck, Suzuki, Sonogashira reactions. [1] [2] [3] However, significant drawbacks are present. For example, high energy input requirement and large waste generation. To overcome these drawbacks, an alternative method was developed using Pt (II) complexs for the C-H bonds activation [4] [5] [6] . The reaction was based on a Pt-mediated C-H activation pathway with relatively high turnover numbers rather than a traditional Friedel-Crafts pathway.
Silica was widely used as a heterogeneous catalyst support because it is inert to active metals. And mesoporous silica nanoparticle has demonstrated its excellence due to the follwing two reasons: large surface area, which provides a high loading of active sites, and the tunable pore diameter and relatively large pore volume, which facilitates mass transfer [7] [8] [9] [10] . Here we developed a synthetic method of mesoporous silica nanoparticles with diameter of 10 nm (LP10-MSN). The large pore diameter and spacious pore volume offer an excellent nano-space to accommodate the bulky Pt complexs, whose size is around 1-2 nm, as determined by X-ray crystallographic structure.
Experimental Method

Synthesis of Organosilanes:
Here we investigated on the synthesis of an organo silane, 2,2'-Bipyridine-amide-triethoxylsilane (Bpy-amide-TES). The structures are shown in Figure 1 The mixture was refluxed for 20 h, followed by filtration, washing, and dried under vacuum to obtain functionalized LP10-MSNs. This post-grafting method significantly maintained the well ordered 2D hexagonal mesopore structures.
Co-condensation Method:
In the second approach, a co-condensation method was applied, which results in a homogeneous distribution of organometallics. Triblock copolymer P104 was stirred in the 1.6 M HCl solution at 56 °C for 30 minutes to allow full dissolution. TMOS was added and stirred with the above solution at 56 °C for 30 minutes and white precipitate was generated. Bpy-amide-TES in hot ethanol solution was stirred with the mixture for 24 hours. Similar to the synthesis of unfunctionalized LP10-MSN, the mixture was transferred into a high-pressure reactor for aging at 150 °C for another 24 hours. The resulting as-made bipyridinyl-functionalized LP10-MSN was filtered, washed with copious amount of water and methanol, and dried under vacuum.
The P104 was removed by refluxing in ethanol for 24 hours to yield bipyridinyl-functionalized LP10-MSN materials.
Results and Discussion
To investigate the material structures, powder X-ray diffraction (XRD) tests and N 2 adsorption/desorption analysis were performed. XRD patterns of the MSN materials were collected in a Rigaku ultima IV X-ray diffractometer using Cu Kα irradiation (Figure 3 ).
Both bipyridinyl group functionalized LP10-MSN materials (post-grafting method and co-condensation method) exhibited the typical diffraction patterns of SBA-15 type mesoporous silica with highly ordered MSN parallel structures and hexagonal symmetry. N 2 adsorption/desorption analysis was measured by nitrogen sorption isotherms in a Micromeritics Tristar 3000 sorptometer (Figure 4 ). The surface areas were calculated by the Brunauer-Emmett-Teller (BET) method, and the pore size distribution was calculated by the Barrett-Joyner-Halenda (BJH) method, as detailed in Table 1 . To study the morphology of the material, particle was studied with a JEOL 840A scanning electron microscope with a 10 kV acceleration voltage, depicted in Figure 5 .
Morphology of Bpy-amide-TES grafted LP10-MSN, showing a well-ordered hexagonal disk-like shape, is consistent with the XRD result. However, morphology of Bpy-amide-TES cocondensed LP10-MSN revealed a football-like shape with each particle head-to-tail connected. As a biomolecule intracellular delivery vehicle, MSN was functionalized with poly-ethylene glycol to prevent nonspecific interaction between silica surface and biomolecules and to preserve their bioactivity. The presence of both mesopore channels and outer particle surface provides the possibility to delivery several biomolecules simultaneously. So that biomolecules are guaranteed to be delivered to the same spot.
Moreover, the pore openings were capped with gold nanoparticles so that the release of biomolecules that was loaded inside mesopores can be trigger controlled, either by internal stimuli (intracellular environment) or by external stimuli (dithiothreitol) by the intracellular environment itself, to manipulate the delivery with accurate control of site and timing. We also demonstrated an in vitro luciferase catalyzed light generating reaction of luciferin into oxyluciferin with the help of intracellular ATP. This system makes the co-delivery of an enzyme and its substrate possible so that we may artificially control intracellular reactions or manipulate cells to generate desired molecules in the future.
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As a support for noble metal catalyst, LP10-MSN was utilized for its enhanced mass-transfer efficiency. Bipyridinyl silane was successfully synthesized and immobilized onto LP10-MSN by two conventional method, post-grafting and co-condensation.
Hexagonal mesopore structure was retained after bipyridinyl functionalization. This material would obtain further interest in complexation with platinum for the C-H bond activation reaction, for example, ethylene/benzene reaction, with relatively high turnover numbers.
The research presented in this dissertation opens the door for the design of series of novel biomolecules co-delivery systems as well as the development of the existing noble metal catalyst. However, applications of MSN are not limited to what has been discussed here. Further work, such as in vivo application, still needs to be investigated.
